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Infective stages of the protozoan parasite Leishmania spp. accu-
mulate a class of �-1,2-mannan oligosaccharides as their major
carbohydrate reserve material. Here, we describe the biosynthesis
of Leishmania mannan. Mannan precursors were identified by
metabolic labeling of Leishmania mexicana promastigotes with
[3H]mannose. Label was initially incorporated into a phosphom-
annose primer and short phosphorylated �-1,2-mannan oligomers
that were two to five residues long. Analysis of the mannan primer
by Fourier transform ion-cyclotron resonance MS and various
enzymatic and chemical treatments and comparison with authentic
mannose (Man) phosphates indicated the presence of Man-�-1,4-
cyclic phosphate. This primer was synthesized from Man-6-phos-
phate by means of Man-1-phosphate in a cell-free system. Short
mannan chains containing the primer were subsequently dephos-
phorylated and then further elongated by GDP-Man-dependent
transferases in vivo and in the cell-free system. The synthesis of this
glycan primer likely constitutes a key regulatory step in mannan
biosynthesis and is a potential target for antileishmanial drugs.

biosynthesis � Fourier transform ion-cyclotron resonance MS �
phosphoglycan � polysaccharide � virulence factor

Leishmania spp. are sandfly-transmitted protozoan parasites that
cause a spectrum of diseases in �12 million people worldwide,

ranging from self-limiting cutaneous lesions to lethal visceral in-
fections. Although some progress has been made in developing
treatments for leishmaniasis, severe problems remain with existing
drugs in terms of cost, efficacy, toxicity, and the emergence of
drug-resistant parasite strains (1, 2). Infection of the mammalian
host occurs when nondividing, metacyclic promastigotes are in-
jected into the skin of the mammalian host by the sandfly vector.
Metacyclic promastigotes are internalized by a variety of phagocytic
cells but primarily develop within macrophages after differentiating
into the obligate intracellular amastigote stage in the mature
phagolysosome compartment. Comparatively little is known about
the metabolism of the amastigote stages that perpetuate disease in
the mammalian host, although recent studies have highlighted the
importance of carbohydrate metabolism and specific glycosylation
pathways (3, 4).

Leishmania lack classic carbohydrate reserves, such as glyco-
gen or starch, but synthesize a unique class of oligosaccharides
composed of linear chains of �-1,2-linked mannose (Man) (5–8).
Leishmania �-1,2-mannan clearly functions as a dynamic reserve
material and accumulates to millimolar concentrations in infec-
tive promastigote and intracellular amastigote stages (8). Man-
nan also accumulates in parasites subjected to physiological
stresses encountered in the macrophage (8), suggesting that it
might be important for intracellular survival. Consistent with
this notion, loss of expression of all Man-containing molecules
in Leishmania mexicana by targeted deletion of the genes
involved in GDP-Man biosynthesis resulted in complete loss of
virulence in macrophages and susceptible mice (4, 8). In con-
trast, L. mexicana mutants that had defects in assembly of some
or all of their Man-rich surface glycocalyx but that retained the
capacity to synthesize mannan remained virulent in macro-

phages (9, 10). As a source of hexose equivalents for the
glycolytic and pentose phosphate pathways, mannan may play a
key role in maintaining the energy and redox balances of
Leishmania, thereby enhancing parasite virulence in both the
sandfly vector and macrophage.

Mannan is rapidly synthesized in vivo under conditions of
hexose excess, although none of the steps in this pathway have
been defined. The de novo synthesis of intracellular oligo- and
polysaccharides generally requires a primer on which a nascent
glycan chain is synthesized. Reserve polysaccharides, such as
glycogen and starch, are assembled on a specific protein primer
(11) or on the polysaccharide synthase itself (12). In contrast,
disaccharides and short oligosaccharides are often assembled on
sugar phosphates that are common intermediates in central
carbon metabolism (13–16). For example, the major pathways of
synthesis of sucrose and trehalose involve the transfer of glucose
from UDP-glucose to either fructose-6-phosphate or glucose-
6-phosphate, respectively, and the dephosphorylation of the
corresponding phosphosaccharide (13, 17). Here, we have elu-
cidated the pathway of de novo mannan biosynthesis and elon-
gation in L. mexicana and reconstituted several key biosynthetic
steps in a cell-free system. These studies show that mannan is
assembled on a unique hexose-phosphate primer and that the
unexpected complexity in mannan biosynthesis might be ex-
ploited in developing anti-Leishmania therapies.

Results
Mannan Is Assembled on an Acid-Labile Primer in Vivo. L. mexicana
�pmi promastigotes were grown to stationary phase and meta-
bolically labeled with [3H]Man. The �pmi mutant is unable to
convert [3H]Man-6-phosphate (Man-6-P) to other sugar phos-
phates, facilitating the labeling of Man-containing glycans.
Moreover, �pmi promastigotes grown in medium lacking exog-
enous Man lack preexisting pools of mannan, allowing the
detection of de novo synthesized mannan intermediates. When
mannan-depleted �pmi promastigotes were pulse–chase labeled
with [3H]Man, label accumulated in a series of neutral mannan
oligomers containing five or more Man residues over a 2-h chase
(Fig. 1A). The absence of smaller oligomers (containing two to
four residues) raised the possibility that early intermediates were
charged and removed during the desalting step in sample
preparation. To investigate this possibility, the polar metabolite
fractions were treated with alkaline phosphatase or subjected to
mild acid hydrolysis before desalting, conditions that remove all
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phosphate monoesters or hydrolyze hexose-1-phosphates, re-
spectively (18). Alkaline phosphatase treatment of pulse-labeled
glycans did not generate any additional neutral mannan oli-
gomers (Fig. 1 A). In contrast, mild acid hydrolysis generated
neutral Man and a series of labeled glycans that comigrated with
�-1,2-mannan oligomers containing two to four residues on
HPTLC (high-performance TLC) (Fig. 1 A) and HPAEC
(high-pH anion exchange chromatography) (data not shown).
Label in these small oligosaccharides was quantitatively chased
into species that comigrated with neutral mannan oligomers
containing 5–50 residues (Fig. 1 A). The labeled glycans could be
digested with �-mannosidase, consistent with their assignment as
oligomers of �-1,2-mannan (Fig. 2E). These data suggested that
mannan is assembled on a charged, acid-labile primer that
contains at least one Man residue and that this acid-labile
substituent is removed after the mannan chain is extended
beyond five residues.

Fig. 1. An acid-labile phosphomannose residue primes de novo mannan
biosynthesis. (A) L. mexicana �pmi promastigotes were cultivated in medium
lacking exogenous Man and pulse–chase labeled with [3H]Man. Polar metab-
olites were desalted before or after mild acid hydrolysis (H�) (at pH 1.0 for 10
min at 100°C) or alkaline phosphatase digestion (AP). The neutral glycans
recovered after these treatments were resolved by HPTLC and detected by
fluorography. The migration of �-1,2-mannan standards containing two to
five residues are indicated. (B) Polar metabolites from the 10-min [3H]Man
labeling were analyzed by HPAEC. The elution positions of Man-1-P (M1P),
Man-6-P (M6P), Man-1,6-P2 (M1,6P2), and GDP-Man (GDP-M) are indicated. (C)
Analysis of peaks X–Z from B. Aliquots of each peak were desalted before or
after mild acid hydrolysis (5 mM TFA at 100°C for 5 min), alkaline phosphatase
treatment (AP), or acid hydrolysis followed by alkaline phosphatase digestion.
The neutral glycans released by these treatments were analyzed by HPTLC and
detected by fluorography.

Fig. 2. Characterization of the Man-�1,4-cyclic P primer. (A) Fourier trans-
form ion-cyclotron resonance MS of authentic Man-�-1,2-cyclic P and peak X.
(B) Mild acid hydrolysis of peak X releases Man-1-P. HPAEC analysis of peak X
before (diamonds) and after (triangles) mild acid hydrolysis (50 mM TFA for 10
min at 100°C) under conditions that converted 50% of starting material to free
Man (see C). The elution positions of authentic Man phosphates, Man-1-P,
Man-2-P, Man-3-P, Man-4-P, Man-6-P, and Man-�-1,2-cyclic P, synthesized
herein are indicated. (C) Kinetics of release of Man or mannan oligomers from
peaks X–Z after mild acid hydrolysis. Peak X displayed the same acid sensitivity
as Man-�-1-P, whereas Man-6-P was resistant to mild acid hydrolysis. (D) Peak
X contains an �-linked mannosyl residue. Shown is HPTLC analysis of authentic
Man-�-1-P (lane 1) and Man-�-1-P (lane 2) and Peak X after (lane 3) and before
(lane 4) mild acid hydrolysis as described in B. Lanes 1 and 2 were stained with
orcinol�H2SO4 (orcinol); lanes 3 and 4 were exposed to film (fluoro). (E) Peak
Y contains terminal �-Man. Peak Y was acid-dephosphorylated and digested
with mock control (�), jack bean �-mannosidase (�), or snail �-mannosidase
(�). The products were analyzed by HPTLC and detected by fluorography.
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The Mannan Primer Is Man-�-1,4-Cyclic P. The in vivo-labeled man-
nan intermediates were analyzed directly by HPAEC using
protocols optimized for the resolution of sugar phosphates.
Three negatively charged glycans (peaks X, Y, and Z) were
weakly retained by HPAEC and clearly resolved from previously
characterized Man phosphates: Man-1-P, Man-6-P, Man-1,6-P2,
and GDP-Man (Fig. 1B). All three peaks were resistant to
alkaline phosphatase, whereas mild acid hydrolysis released
neutral glycans that comigrated with Man (from peak X),
Man-�-1,2-Man (from peak Y), and �-1,2-mannan oligomers
containing three to four residues (from peak Z) (Fig. 1C). In
contrast, Man-1-P was completely dephosphorylated by both
alkaline phosphatase and acid hydrolysis (Fig. 1C). The elution
properties of peaks X–Z on HPAEC and their susceptibility to
acid hydrolysis, but not alkaline phosphatase digestion, sug-
gested that they might contain a cyclic phosphate.

The presence of Man-cyclic phosphate was confirmed by
high-resolution Fourier transform ion-cyclotron resonance
(FTICR) MS of the purified peak X. FTICR MS revealed a
quasimolecular ion at a m�z of 241.0116 [M-H]� (Fig. 2 A).
This mass suggested an elemental formula of C6H10O8P (� �
�0.2 millimass unit), consistent with hexose-cyclic phosphate.
The same mass was observed when authentic Man-�-1,2-cyclic
P was analyzed under the same conditions (Fig. 2 A). Despite
having the same mass as Man-�-1,2-cyclic P, peak X had an
elution time that was distinct from this standard on HPAEC
(Fig. 2B). Moreover, whereas partial acid hydrolysis of Man-
�-1,2-cyclic P generates Man-2-P and Man (ref. 19 and data
not shown), partial acid hydrolysis of peak X generated two
peaks that comigrated with Man-1-P and Man (Fig. 2B). The
putative Man-1-P peak was clearly resolved from all other
Man-monophosphates (Fig. 2B) and was converted to Man
after extended mild acid hydrolysis, with the same kinetics as
Man-�-1-P (Fig. 2C). This peak was also resistant to reduction
with NaBH4 (data not shown), indicating that C1 was protected
and comigrated with authentic Man-�-1-P rather than Man-
�-1-P on HPTLC (Fig. 2D). These results show that peak X
contains Man with an �-anomeric linkage to phosphate.
Man-�-cyclic phosphates involving C1 and either C2, C3, or C6
are considered highly unlikely because of steric constraints,
suggesting that peak X is Man-�-1,4-cyclic P. Attempts to
synthesize this unique sugar have been unsuccessful to date.
However, the presence of a seven-membered ring structure is
consistent with the extreme acid lability of peak X (19).

Peaks Y and Z (containing Man2 and Man3–5, respectively)
were also dephosphorylated after mild acid hydrolysis, although
at slightly lower rates than peak X (Fig. 2C). Methylation linkage
analysis of dephosphorylated peak Y afforded stoichiometric
yields of terminal Man (2,3,4,6-tetra-O-methyl-di-O-1,5-acetyl-
mannitol) and 2-O-substituted Man (3,4,6-tri-O-methyl-1,2,5-tri-
O-acetyl-Man). Dephosphorylated peak Y was resistant to
�-mannosidase digestion but was converted to Man after �-man-
nosidase digestion (Fig. 2E). These analyses show that a second
�-Man residue is added to the C2 hydroxyl of the Man-cyclic
phosphate primer.

Man-1-P Is the Precursor for the Mannan Primer. We next estab-
lished a cell-free system to study the biosynthesis of the
mannan-cyclic phosphate primer. We have found that incuba-
tion of cytosolic extracts of L. mexicana �pmm promastigotes
(lacking phosphomannomutase) with GDP-[3H]Man resulted
in the formation of [3H]Man-1-P by means of the action of
GDP-Man pyrophosphorylase (Fig. 3A). Some [3H]Man-6-P
and [3H]Man was also generated by the cytosolic extract,
indicating the presence of an alternative mutase and phospha-
tase activity, respectively, in this mutant (Fig. 3A). Although
peak X was not synthesized by this cytosolic fraction, addition
of equal cell equivalents of the particulate fraction resulted in

efficient labeling of peak X (Fig. 3B). Addition of unlabeled
Man-�-1-P (1 mM), but not Man-6-P or Man, competitively
inhibited formation of [3H] peak X in the combined cytosol�
particulate assay (data not shown), suggesting that the labeled
Man-�-1-P is the immediate precursor to this species. In
support of this conclusion, [3H]Man-6-P was converted to peak
X in a phosphomannomutase-dependent manner. Incubation
of the L. mexicana �gmp membrane fraction with [3H]Man-6-P
resulted in efficient synthesis of peak X (Fig. 3C), which was
further mannosylated to form peak Y (Man2-cyclic P) and peak
Z (Man3–4-cyclic P) when GDP-Man was included in the chase
(Fig. 3D). In contrast, [3H]Man-6-P was not converted to peak
X or higher oligomers when the particulate fraction from the
L. mexicana �pmm mutant was used (Fig. 3E). These data
show that Man-6-P must first be converted to Man-1-P before
synthesis of peak X can occur. They also preclude the possi-
bility that GDP-Man is the immediate precursor of peak X; this
was confirmed by the absence of peak X synthesis in the �gmp
particulate fraction that had been incubated with GDP-
[3H]Man (Fig. 6, which is published as supporting information
on the PNAS web site). Collectively, these data suggest that the
promastigote particulate fraction contains all of the enzyme
activities needed to convert Man-6-P to Man-�-1-P and then
to peak X.

Fig. 3. Biosynthesis of the mannan primer in vitro. (A) L. mexicana �pmm
promastigotes were hypotonically lysed, and cytosolic and particulate frac-
tions were obtained by centrifugation. Incubation of the cytosolic fraction
with GDP-[3H]Man for 1 h resulted in the formation of [3H]Man and [3H]Man-
1-P, but not peak X. (B) The �pmm cytosolic fraction was incubated with
GDP-[3H]Man (30 min) before addition of the particulate fraction, and the
reconstituted system was incubated for an additional 45 min. Addition of the
particulate fraction stimulated the formation of peak X. (C and D) Incubation
of L. mexicana �gmp particulate fractions with [3H]Man-6-P with (D) or
without (C) inclusion of unlabeled GDP-Man. (E) Incubation of L. mexicana
�pmm particulate fraction with [3H]Man-6-P. In all of these experiments,
radiolabeled products were recovered after chloroform:methanol:water
[1:2:0.8 (vol�vol)] extraction and biphasic partitioning in water:1-butanol and
analyzed by HPAEC. The elution positions of peaks X, Y, Z, Man-1-P (M1P),
Man-6-P (M6P), and GDP-Man (GDP-M) are indicated.
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Mannan Is Elongated by Sequential Addition of Single Man Residues.
The steady-state pool of mannan is largely unphosphorylated
and comprises oligomers that are 5–50 residues long (8). To
investigate whether dephosphorylated mannan chains can also
be elongated, L. mexicana �pmi promastigotes were grown in
media containing exogenous Man (to allow accumulation of
intracellular pools) and then pulse–chase labeled with [3H]Man.
HPTLC analysis of untreated and acid-treated extracts demon-
strated that the preexisting pools of mannan were labeled to the
same extent as de novo synthesized mannan chains (Fig. 4A). The
[3H]Man added to nonphosphorylated mannan was quantita-
tively released with 0.2 M trif luoroacetic acid (TFA) under
conditions that result in only partial hydrolysis of the unlabeled
mannan pool (Fig. 4B). These results suggest that the elongation
of existing mannan chains involves the addition of single (or few)
Man residues rather than the processive addition of multiple
Man residues. Mannan elongation was reconstituted in vitro by
incubating cytosolic or particulate fractions with unlabeled
mannan and GDP-[3H]Man (Fig. 4C). Interestingly, the partic-
ulate fraction only formed mannan oligomers that were 2–6
residues long, whereas the cytosolic fraction formed oligomers
up to 12 residues long (Fig. 4C), possibly indicating the presence
of distinct elongating activities in these fractions.

Discussion
We have elucidated a previously uncharacterized pathway of
oligosaccharide biosynthesis in Leishmania. The major features

of this pathway are summarized in Fig. 5. Hexose phosphates
from the glycolytic and pentose phosphate pathways can be
interconverted to Man-6-P and Man-�-1-P. The latter is the
precursor for both GDP-Man and the primer Man-�-1,4-cyclic P
(ManPc in Fig. 5). The primer is extended with at least three
�-1,2-linked Man residues, all donated from GDP-Man, before
being dephosphorylated by a phosphatase or endomannosidase
activity. De novo synthesized and preexisting neutral mannan
chains can be further elongated by sequential additions of Man
from GDP-Man, and both processes contribute to mannan
accumulation in stationary-phase promastigotes. Remarkably,
the de novo biosynthesis of mannan and subsequent elongation
reactions appear to be partially segregated between particulate
and cytosolic fractions. The final products of these pathways, a
mixed population of neutral mannan oligosaccharides that are
5–40 residues long, reach concentrations of 1–10 mM in the
cytosol of pathogenic stages (8).

Many prokaryotes and eukaryotes synthesize disaccharides
and�or short oligosaccharides that variously act as storage
materials, signaling molecules, osmoticants, and�or compatible
solutes, protecting intracellular proteins from aggregation or
denaturation (13, 14, 17). In most cases, di�oligosaccharide
synthesis is initiated by transfer of a sugar from a nucleotide-
sugar donor to a sugar- or polyol-monophosphate (13, 15, 20).
The involvement of a hexose-cyclic phosphate primer has not
been reported in other pathways of oligosaccharide biosynthesis.
The formation of Man-�-1,4-cyclic P from Man-�1-P is likely to
be energetically unfavorable and to involve an activated inter-
mediate (e.g., Man-�-1-pyrophosphate). Regardless of the
mechanism of formation, a Man-�-1,4-cyclic P primer is likely to
be fixed in a mannopyranose B1,4 boat or 3S1 skew conformation,
enhancing the accessibility of the C2 hydroxyl to the initiating
mannosyltransferase (Fig. 5 Inset). The formation of a specific

Fig. 4. Elongation of preexisting pools of mannan. (A) L. mexicana �pmi
promastigotes were cultivated in RPMI medium 1640 supplemented with 200
�M Man and pulse–chase labeled with [3H]Man. Promastigotes were sampled
at the indicated times during the chase in 200 �M Man, and polar metabolites
were desalted before or after mild acid hydrolysis (�H). The labeled products
were analyzed by HPTLC and detected by fluorography. (B) The neutral
[3H]mannan fraction from A was hydrolyzed in TFA (0.2 M at 100°C) for 0, 1,
and 2 h and then analyzed by HPTLC. Lanes 1–3 were stained with orcinol�
H2SO4; lanes 4–6 were subjected to fluorography. (C) Incubation of particulate
(p) and cytosolic (c) fractions from L. mexicana �gmp promastigotes with
buffer control (�) or unlabeled neutral �-1,2-mannan [(M)n] and GDP-
[3H]Man.

Fig. 5. Schematic outline of mannan biosynthesis. Hexose phosphates de-
rived from the glycolytic, gluconeogenic, and pentose phosphate pathways
are converted to Man-6-P and Man-1-P. Man-�-1-P can be converted to either
the mannan chain primer (ManPc) or to GDP-Man, the donor for mannan chain
assembly. The conversion of Man-�-1-P to ManPc is predicted to be energet-
ically unfavorable and to involve an as-yet-unidentified activated species
(denoted by the brackets). MannPc species containing four to five Man residues
are dephosphorylated and further elongated by sequential additions of single
Man residues. (Inset) Structure of Man-�-1,4-cyclic P primer.
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primer, distinct from other intermediates in Man metabolism,
would also provide an additional level of regulation of de novo
mannan biosynthesis and utilization of the essential sugar donor
GDP-Man. GDP-Man is the direct or indirect Man donor for a
number of other important glycosylation pathways in Leishma-
nia, including N-glycosylation, glycosylphosphatidylinositol bio-
synthesis, and phosphoglycosylation (4). Direct assembly of
mannan chains on either Man-1-P or Man-6-P would be expected
to have a direct effect on the downstream biosynthesis of
GDP-Man and lead to global changes in glycosylation patterns.
In contrast, assembly of mannan chains on the primer Man-�-
1,4-cyclic P requires an additional step that effectively uncouples
de novo mannan synthesis from GDP-Man biosynthesis and
mannan elongation. The requirement for a specific primer may
also ensure that de novo synthesis of mannan can be shut down
during periods of mannan catabolism. Because mannan catab-
olism results in the formation of Man-1-P (unpublished data),
the requirement for a specific primer would prevent a futile cycle
of mannan catabolism and resynthesis under nutrient starvation
conditions.

Despite the fact that the major steady-state pools of mannan
accumulate in the cytosol (8), our data suggest that all of the
enzymes involved in de novo mannan biosynthesis are localized
within a particulate fraction. In contrast, enzymes involved in the
elongation of preexisting pools of mannan partitioned into both
the particulate and cytosolic fractions. The particulate fraction
also contained phosphomannomutase activity, as evidenced by
the efficient conversion of Man-6-P to Man-1-P and Man-�-1,4-
cyclic phosphate. Phosphomannomutase is primarily associated
with the cytosol (9), raising the possibility that de novo mannan
biosynthesis is catalyzed by a particulate-bound enzyme complex
that includes cytoplasmic proteins. Enzymes involved in the
synthesis and degradation of glycogen in muscle cells have also
recently been localized to non-membrane-bound particulate
complexes that are enriched in cytoskeletal proteins (21). Re-
cruitment of glycogen synthase and phosphorylase to these
structures was associated with increased activity and was regu-
lated by phosphorylation (21). Whether the enzymes involved in
mannan metabolism associate with the cytoskeleton or other
intracellular structures, such as glycosomes that harbor many of
the enzymes involved in glycolysis, is not yet known.

Mannan is a major energy reserve in Leishmania and accu-
mulates in pathogenic promastigote and intracellular amastigote
stages that initiate and perpetuate infection in the mammalian
host, respectively (8). L. mexicana mutants that are defective in
the biosynthesis of mannan and other Man-containing glyco-
conjugates are unable to survive in macrophages and display
increased sensitivity to heat shock (4, 8, 9), suggesting that
mannan accumulation facilitates parasite survival in macro-
phages. In this study, we show that mannan accumulation can
occur by means of the de novo assembly of mannan oligomers on
the Man-cyclic phosphate or by extension of preexisting mannan
chains. The surprising complexity of mannan biosynthesis in
Leishmania is consistent with mannan having a central role in
regulating parasite intermediary metabolism. Because the major
steps in mannan synthesis can now be reconstituted in vitro, it will
be possible to develop inhibitors that target this parasite-specific
pathway to further characterize the functions of mannan and the
utility of these compounds as anti-Leishmania agents.

Materials and Methods
Parasite Culture. Promastigote stages of L. mexicana wild-type
(MNYC�BZ�62�M379) and mutant strains lacking phosphom-
annose isomerase (�pmi), phosphomannomutase (�pmm), and
GDP-Man pyrophosphorylase (�gmp) (4, 9, 22) were grown in
RPMI medium 1640 containing 10% FBS at 27°C. The growth
medium for L. mexicana �pmi promastigotes was routinely
supplemented with 200 �M Man unless otherwise stated.

Metabolic Labeling of Mannan. L. mexicana �pmi promastigotes
were grown to stationary phase, harvested by centrifugation
(800 � g for 10 min), and washed twice in glucose-free RPMI
medium 1640 containing 1% BSA. Promastigotes were sus-
pended in glucose-free RPMI medium 1640 containing 1% BSA
(108 cells per ml) and pulse-labeled with D-[2-3H]Man [50
�Ci�ml and 21 Ci�mmol (1 Ci � 37 GBq)] at 27°C. After 5 or
10 min, promastigotes were rapidly pelleted (12,000 � g for 20 s)
and resuspended in conditioned medium (2 � 107 cells per ml)
containing unlabeled Man (200 �M). Parasites were incubated
at 27°C, and aliquots were removed at the indicated times. After
centrifugation (12,000 � g for 20 s), cell pellets were washed with
ice-cold PBS (pH 7.5) and extracted in 380 �l of chloroform�
methanol�water [1:2:0.8 (vol�vol)]. Insoluble material was re-
moved by centrifugation (15,000 � g for 5 min), and the
supernatant was dried under nitrogen. Polar metabolites, in-
cluding mannan oligomers, were recovered in the lower aque-
ous phase after biphasic partitioning in water:1-butanol [1:2
(vol�vol)].

In Vitro Labeling of Mannan. Stationary-phase L. mexicana pro-
mastigotes were harvested by centrifugation (800 � g for 10 min),
washed in PBS, and suspended in ice-cold hypotonic lysis buffer
(1 mM Hepes-NaOH, pH 7.4�2 mM EGTA�2 mM DTT�
protease inhibitor mixture minus EDTA) (Roche Diagnostics).
After 10 min on ice, lysed parasites were centrifuged (2,000 � g
for 5 min at 4°C) and the supernatant (cytosol) was retained
while the pellets were washed with assay buffer (5 mM Hepes-
NaOH, pH 7.4�2 mM EGTA�5 mM MgCl2�1 mM MnCl2�1 mM
DTT�protease inhibitor mixture minus EDTA). For experi-
ments shown in Fig. 3 A and B, two aliquots of the cytosol
fraction (70 �l; 4 � 107 cell equivalents) of the L. mexicana
�pmm mutant were incubated with GDP-[3H]Man (10 �l; 0.25
�Ci) at 27°C. After 30 min, lysed cell pellets (10 �l) correspond-
ing to 4 � 107 cell equivalents were added to one of the cytosol
treatments and incubated for a further 45 min. The reactions
were terminated by addition of 1-butanol (200 �l), and the
aqueous phases were analyzed directly by HPAEC. For exper-
iments shown in Fig. 3 C–E, the membrane fractions of hypo-
tonically lysed L. mexicana �gmp or �pmm promastigotes were
suspended in assay buffer (70 �l), and the reaction was initiated
by addition of [3H]Man-6-P (1 �Ci in 10 �l) and, in some cases,
1 mM GDP-Man. After incubation (27°C for 45 min), the
reactions were terminated, and labeled polar metabolites were
extracted as described above.

HPAEC and TLC. Phosphosugars were analyzed on a CarboPac
PA-1 column (4 � 250 mm preceded by a PA-1 guard column,
Dionex) connected to a Dionex GP-50 gradient pump and ED50
integrated pulsed amperometric detector. Data were processed
with CHROMELEON 6.50 software (Dionex). The CarboPac col-
umn was eluted with 1 mM sodium hydroxide (E1) and 1 mM
sodium hydroxide containing 1 M sodium acetate (E2) by using
the gradient T0 � 2% (vol�vol) E2, T15 � 2% (vol�vol) E2, T30 �
10% (vol�vol) E2, T40 � 20% (vol�vol) E2, T55 � 100% (vol�vol)
E2, and T65 � 100% (vol�vol) E2 at a flow rate of 1 ml�min.
Radioactivity was determined by scintillation counting. Neutral
glycans and phosphorylated sugars were further analyzed on Silica
Gel 60 aluminum-backed HPTLC or TLC sheets (Merck), respec-
tively. Neutral glycans were resolved in 1-butanol:ethanol:water
[4:3:3 (vol�vol)], and phosphorylated sugars were resolved in ethyl
acetate:methanol:water [2:2:1 (vol�vol)] and 2% acetic acid. Un-
labeled sugars were detected with orcinol�H2SO4, and radiolabeled
species were detected with EN3HANCE spray (PerkinElmer Life
Sciences) and exposure to Biomax MR film (Kodak).

Chemical and Enzymatic Analysis. Samples (�0.01 mM) were dis-
solved in methanol:water [1:1 (vol�vol)] and infused (4 �l�min)
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into a Finnigan hybrid linear quadrupole ion trap-Fourier trans-
form (LTQ-FT) mass spectrometer (Thermo Electron, San Jose,
CA) equipped with an electrospray ionization source. The ions
of interest were first mass selected in the linear ion trap and then
mass analyzed in the ion-cyclotron resonance cell of the Fourier
transform mass spectrometer for accurate, high-resolution mass
measurement. Typical source conditions were as follows: spray
voltage of 2.6–3.3 kV, capillary temperature of 250–300°C,
nitrogen sheath gas of 5–25 arbitrary units, tube lens voltage of
�110 to �80 V, and capillary voltage of �40 to �20 V. Mass
isolation was carried out by using standard isolation and exci-
tation procedures of the ‘‘advanced scan features’’ in the
LTQ-FT software. Phosphoglycans were digested with bovine
intestinal mucosa alkaline phosphatase in 0.1 M NH4HCO3 (pH
8.0) at 37�C for 2 h. Digestions with snail �-mannosidase or jack
bean �-mannosidase (Sigma) were performed in 0.1 M citric
acid-sodium phosphate buffer (pH 4.5) (0.5 units per 20-�l
reaction) or in 0.1 M sodium acetate buffer (pH 5.0) (2 units per
20-�l reaction), respectively. Man-1-phosphate linkages were
hydrolyzed for 5 min (100°C) in 5 mM trif luoroacetic acid or in
HPAEC eluent adjusted to pH 1.0 with 1 M HCl. Glycosidic

linkages were partially hydrolyzed in 0.2 M TFA (1 or 2 h at
100�C). Dephosphorylated peaks X–Z were permethylated with
NaOH and iodomethane, and permethylated alditol acetates
were analyzed as described in ref. 23. Relative response factors
were determined by reference to dimannose standards contain-
ing �1–2, �1–3, and �1–6 linkages (Sigma).

Synthesis of Phosphomannose Standards. Man-3-P and Man-4-P
were synthesized from the corresponding selectively acetylated
3-hydroxy and 4-hydroxy Mans by sequential phosphorylation
and deprotection. �-D-Man-1-P was prepared from acetylated
�-D-mannosyl diphenyl phosphate. �-D-Man-1,2-cyclic P was
synthesized by dicyclohexylcarbodiimide-mediated dehydration
of �-D-mannopyranosyl phosphate and D-Man-4-P, respectively.
Details of each synthesis are provided in Supporting Text, which
is published as supporting information on the PNAS web site.
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